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ABSTRACT 


Preheating  HY-80  steel  weldments  is  standard  procedure, 
but  it  is  an  expensive  and  time  consuming  step  in  the  fabri¬ 
cation  of  hull  structures.  The  microstructures  and  hardness 
profiles  of  both  a  preheated  (250°  F — 121°  C)  and  a  non- 
preheated  (32°  F — 0°  C)  HY-80  steel  weldment  were  studied 
to  provide  information  and  allow  comparisons  of  the  micro- 
structural  transformations  that  occur  in  the  heat  affected 
zone  during  shielded  metal  arc  welding.  Optical,  scanning 
electron  and  transmission  electron  microscopy  were  utilized 
to  characterize  the  microstructure  within  the  heat  affected 
zone  of  each  weldment.  The  only  significant  difference 
observed  was  that  preheating  reduced  the  amount  of  trans¬ 
formation  twinned  martensite  found  in  the  weld  heat  affected 
zone  which  may  reduce  the  susceptibility  to  hydrogen  in¬ 
duced  cold  cracking. 
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I.  INTRODUCTION 

HY-80  is  the  U.S.  Navy  designation  for  a  quenched  and 
tempered,  low  carbon,  nickel,  chromium,  molybdenum  steel 
with  a  minimum  yield  strength  of  80  Ksi  (550  MPa) .  It  has 
an  excellent  strength  to  weight  ratio,  excellent  notch 
toughness  at  low  temperatures,  and  good  antiballistic 
properties  making  it  the  primary  material  in  the  constri 
tion  of  nuclear  submarine  pressure  hulls.  The  strength 
and  toughness  is  achieved  by  the  heat  treatment  process 
employed  during  manufacture  which  creates  a  fully  tempered 
low  carbon  martensitic/bainitic  structure.  HY-80  is  manu¬ 
factured  to  the  following  military  specifications: 

1.  Plate:  MIL-S-16216 

2.  Extrusions:  MIL-S-22664 

3.  Rolled  Sections:  MIL-S-22958 

4.  Castings:  MIL-»S-23008 

5.  Forgings:  MIL-S-23009 

Fusion  welding  is  the  principle  joining  technique 
employed  in  the  construction  of  submarine  pressure  hulls. 
Understanding  the  effects  of  the  welding  process  on  the 
structure  and  mechanical  properties  of  an  HY-80  Weldment 
is  of  extreme  importance. 

A  marked  impairment  in  the  fracture  toughness  of  HY-80 
is  observed  in  the  base  metal  area  adjacent  to  the  molten 
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weld  area.  This  weld  heat  affected  zone  (HAZ)  undergoes 
microstructural  transformations  due  to  the  thermal  cycling 
that  occurs  during  the  welding  process;  these  changes  in 
microstructure  contribute  to  an  increased  susceptibility  to 
both  brittle  fracture  and  hydrogen  induced  cold  cracking. 

By  control  and  proper  selection  of  the  many  welding  varia¬ 
bles  such  as  welding  process,  heat  input,  electrodes,  fluxes, 
preheat,  etc.,  acceptable  levels  of  toughness  and  strength 
can  be  achieved  in  the  finished  weld.  It  is  the  purpose 
of  this  study  to  characterize  and  compare  the  microstructures 
of  the  heat  affected  zones  of  both  a  preheated  (250°  F — 121°  C) 
HY-80  Steel  SMA  weldment  and  a  non  preheated  (32°  F — 0°  C) 

HY-80  steel  SMA  weldment.  At  present  the  welding  procedure 
for  HY-80  requires  a  250°  F  (120°  C)  preheat  for  several 
reasons  which  include  a  reduction  in  the  cooling  rate  follow¬ 
ing  welding  which  allows  more  autotempering  of  the  martensite 
that  forms,  allows  some  of  the  hydrogen  introduced  during 
welding  to  diffuse  out  of  the  weldment  and  reduces  the 
possibility  of  hydrogen  dissolution  by  removing  some  of  the 
sources  for  hydrogen  such  as  moisture  on  the  metal  prior  to 
welding.  Preheating  is  an  expensive  and  time  consuming  step 
in  the  fabrication  of  hull  structures;  this  has  motivated 
the  development  of  improved  welding  rods  that  will  reduce 
the  amount  of  hydrogen  introduced  during  welding. 

The  characterization  of  the  weldments  performed  in  this 
thesis  has  been  done  in  order  to  determine  if  there  are  any 


II.  BACKGROUND 


HY-80  was  the  first  high-strength  quenched  and  tempered 
steel  approved  for  use  by  the  U.S.  Navy  for  construction  of 
large  ocean  vessels.  The  high  strength,  good  fracture 
toughness  and  good  weldability  of  HY-80  are  its  primary 
advantages  over  its  predecessor,  low  carbon  HTS  steel.  Addi 
tionally,  HY-80  requires  no  post  weld  heat  treatment  when 


established  welding  procedures  are  followed.  Welding  proce¬ 
dures  for  HY-80  are  governed  by  military  specifications 
MIL-S-1932^  [Ref.  1] .  Production  of  HY-80  plate  steel  is 
governed  by  MIL-S-16216,  [Ref.  2],  The  chemical  composition 
limits  of  HY-80  are  shown  in  Table  1. 

The  alloying  elements  each  serve  an  important  role  in 
establishing  the  mechanical  properties  of  HY-80.  Carbon  is 
maintained  below  0.18%  to  ensure  good  weldability  while 
achieving  the  desired  strength  levels.  Nickel  is  added 
primarily  to  increase  the  hardenability . 

It  is  observed  that  nickel  also  lowers  the  niJ  ductility 
temperature  (NDT)  of  HY-80  steel  [Ref.  3].  The  range  of 
2  to  3.25%  nickel  is  a  compromise  to  achieve  hardenability 
while  maintaining  its  weldability.  Chromium  is  also  added 
to  increase  the  hardenability  and  secondary  hardening  during 
the  tempering  treatment  of  HY-80  steel.  The  limits  are  set 
between  1.0 — 1.80%  to  act  as  a  carbide  former  in  hardening 


TABLE  I 


CHEMICAL  COMPOSITION  LIMITS  OF  HY-80  STEEL  PLATE  (PERCENT) 


ELEMENT 

MIL-S-16216 

HY-80 

COMMERCIAL  A543 
GRADE  A 

Carbon 

0.18  max. 

0.23  max . 

Manganese 

0.10—0.40 

0.40  max . 

Silicon 

0.15—0.35 

0.20—0.35 

Nickel 

2.00  —  3.25 

2.60—3.25 

Chromium 

1.00—1.80 

1.50—2.00 

Molybdenum 

0.20  —  0.60 

0.45—0.60 

Phosphorous  ^ 

0.025  max. 

0.035  max . 

Sulfur (b) 

0.025  max. 

0.040  max. 

Titanium 

0.02  max. 

— 

Vanadium 

0.03  max. 

0.03  max . 

Copper 

0.25  max. 

— 

Iron 

Remainder 

Remainder 

^0.20  maximum  for  plates  6  inches  thick  and  over. 

^ The  percent  of  combined  phosphorous  and  sulfur 
shall  be  0.045  max. 
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the  steel.  Chromium  also  improves  the  corrosion  resistance 
of  HY-80  steel.  Phosphorous  and  sulfur  are  both  detrimental 
elements.  Sulfur  combines  with  iron  to  form  iron-sulfide, 
which  liquifies  at  normal  rolling  and  forging  temperatures. 
Manganese  addition  prevents  the  formation  of  iron- sulfide 
by  preferentially  forming  manganese-sulfide,  thereby  limiting 
the  sulfur  available  for  reaction  with  iron.  The  manganese 
also  solid  solution  strengthens  the  steel.  Excess  manganese 
causes  embrittlement  so  its  content  is  restricted  to  a  maxi¬ 
mum  of  0.40%.  Molybdenum  is  used  to  increase  the  temper 
resistance,  improving  hardenability ,  creep  resistance,  and 
machineability .  Silicon  is  added  to  act  as  a  deoxidizer. 

HY-80  is  a  fully  killed,  low  alloy  steel  which  acquires 
its  strength  and  toughness  through  quenching  and  tempering. 
The  resulting  microstructure  of  the  as-received  HY-80  is  a 
combination  of  tempered  bainite  and  tempered  martensite 
throughout  the  plate.  MIL-S-16216  lists  only  two  limita¬ 
tions  regarding  the  procedures  for  the  quenching  and  temper¬ 
ing  heat  treatments  required  in  the  production  of  HY-80 
steel.  The  first  is  to  establish  the  final  tempering  tem¬ 
perature  as  not  less  than  1100°  F,  and  the  second  is  that 
the  mid-thickness  microstructure  shall  contain  not  less 
than  80%  martensite.  The  mechanical  property  specification 
limits  of  HY-80  steel  are  shown  in  Table  2.  The  time- 
temperature-transformation  diagram  shown  in  Figure  1,  illus¬ 
trates  the  sluggishness  of  the  austenite  decomposition. 
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TABLE  2 


MECHANICAL  PROPERTY  LIMITS  OF  HY-80  STEEL  PLATE 


PROPERTY 

MIL-S-16216 

HY-80 

COMMERCIAL  A543 
GRADE  A 

Tensile  Strength 
(ksi) 

us(a) 

105/125 

Yield  Strength 

0.2%  offset  (ksi) 

80/9  5  (b) 

85  min. 

Elongation  in  2  in. 
min.  percent 

20<b) 

14 

Reduction  in  Area 
min.  percent 

Longitudinal 

Transverse 

55  (k) 

50(b> 

NS 

NS 

Charpy  V- notch 
min.  impact  (ft- lbs) 

1/2  to  2  in. 
over  2  in. 

50  @  -120°  F 

30  @  -120  °  F 

NS 

NS 

Source : 


Tima,  Mconda 

Solid  Curve  Doited  Curve 

c 

0.16 

0.13 

Mn 

0..U 

0.16 

P 

0.014 

0.009 

S 

0.024. 

0.013 

s 

0.25 

0.10 

Ni 

2.K7 

3.0S 

Cr 

1.52 

1.76 

Mo 

0.41 

0.49 

Aintcnituintt 

Temperature 

2400  K 

1 650  F 

Published 

information 

in  Reference  4 

Figure  1.  Time-Temperatur e-Trans formation  Curves  for 


Emmanuel,  Young,  and  Spahr  [Ref.  4]  developed  this  diagram 
to  illustrate  these  transformations  as  a  function  of  austen¬ 
itizing  temperature.  The  slow  response  to  transformation 
results  in  a  duplex  microstructure  consisting  of  martensite 
and  bainite,  typically  found  in  HY-80  steel  plate. 

A  significant  portion  of  the  cost  of  ship  construction 
is  attributed  to  welding.  It  has  been  estimated  as  high  as 
50%  of  the  total  manhours  spent  in  hull  fabrication  is  asso¬ 
ciated  with  welding  [Ref.  5] .  HY-80  is  considered  very 

weldable  and  it  displays  good  as-welded  characteristics  when 
welded  following  established  procedures.  However,  any 
refinements  improving  the  fabrication  methods  of  HY-80  will 
be  realized  many  times  over  due  to  the  labor  intensive  nature 
of  welding.  Several  studies  have  been  conducted  to  determine 
the  effects  of  the  heat  input  during  welding.  These  inves¬ 
tigations  are  well  documented  in  the  literature  [Refs.  6-12] . 
Smith  [Ref.  13]  concluded  that  the  fracture  toughness  in  the 
grain  coarsened  heat  affected  zone  was  impaired  due  to  the 
welding  process.  However  it  was  also  reported  that  this 
impairment  was  least  severe  when  welding  at  higher  heat 
inputs.  This  results  from  the  formation  of  a  slightly 
lower  hardness  martensite.  Preheating  HY-80  steel  prior 
to  welding  is  a  standard  welding  practice.  The  minimum 
amount  of  preheat  necessary  is  dependent  on  the  plate  thick¬ 
ness  to  be  welded,  as  shown  in  Table  3.  Preheating  is 
necessary  for  the  prevention  of  hydrogen  entrapment  in  the 


TABLE  3 


MINIMUM  PREHEAT  TEMPERATURES  FOR  WELDING  HY-80  STEEL  PLATE 


PLATE 

THICKNESS  (in.) 

MINIMUM  PREHEAT  OR 

INTERPASS  TEMPERATURE  (°F) 

up  to  1/2 

75 

1/2  to  1  1/8 

125 

over  1  1/8 

200 

weldment  and  to  aid  in  preventing  weld-metal  cracking  in 
restrained  welds. 

Electrode  development  paralleled  the  development  of 
HY-80  steel.  Government  specifications  MIL-E-22200  provide 
proper  electrode  designations  for  welding  HY-80.  Electrodes 
used  in  shielded  metal-arc  welding  (SMAW)  of  HY-80  steel  are 
of  the  low  hydrogen  type.  Materials  containing  little  or 
no  hygroscopic  elements  are  used  in  the  flux  covering  of 
these  type  electrodes.  The  protective  atmosphere  is  gener¬ 
ated  by  burning  inorganic  materials  in  the  flux  covering 
such  as  calcium  carbonate  [Ref.  14] .  Electrode  handling  and 
storage  is  critical  to  ensure  no  moisture  (a  source  of  hydro¬ 
gen)  is  introduced  into  the  welding  process .  The  electrode 
filler  metal  is  selected  such  that  the  as-cast  weld  metal 
will  possess  similar  characteristics  as  the  fully  heat 
treated  base  metal.  When  the  established  welding  procedures 
are  followed  the  joining  of  HY-80  steel  by  welding  is  quite 


satisfactory.  Whenever  these  techniques  or  proper  materials 
are  not  employed  hydrogen  induced  cold  cracking  becomes  a 
prominent  problem.  The  problem  of  hydrogen  induced  cracking 
in  the  apparent  HAZ  is  still  unresolved.  Many  studies  have 
been  conducted  to  piece  together  the  causes  and  mechanisms 
of  hydrogen  induced  cold  cracking  [Refs.  15,16,17,18,19]. 
Certain  microstructures  appear  to  be  linked  to  the  suscepti¬ 
bility  to  hydrogen  induced  cracking.  Savage,  Nippes,  and 
Szekeres  [Ref.  20] ,  investigated  the  size,  shape,  and  dis¬ 
tribution  of  sulfide  inclusions  and  their  relationship  to 
cold  cracking.  They  generalized  the  cold  cracking  problem 
as  containing  four  factors  as  follows:  (1)  cracks  usually 
appear  to  be  associated  with  the  weld/fusion  boundary, 

(2)  variations  in  crack  susceptibility  can  exist  among  heats 
with  the  same  nominal  compositions,  (3)  hydrogen  plays  a 
very  significant  role  in  the  cracking,  and  (4)  stresses  of 
the  order  of  the  yield  strength  must  be  present.  Porter  and 
Easterling  [Ref.  21]  reported  findings  that  welding  high 
strength  steels  in  the  presence  of  hydrogen  caused  consistent 
failures  in  the  HAZ.  Hydrogen  can  be  absorbed  into  the 
molten  weld  metal  from  where  it  quickly  diffuses  into  the 
HAZ.  During  the  subsequent  cooling  of  the  weldment,  which 
in  effect  is  quenched  by  the  mass  of  the  much  cooler  base 
metal  acting  as  a  heat  sink,  martensite  is  readily  formed. 
Beachem  [Ref.  22]  presents  a  model  for  hydrogen  assisted 
cracking  of  quenched  and  tempered  high  strength  steels. 


The  presence  of  sufficiently  concentrated  hydrogen  dis¬ 
solved  in  the  lattice  just  ahead  of  a  crack  tip  aids  whatever 
deformation  processes  the  microstructure  will  allow.  Inter¬ 
granular,  quasiclevage,  or  microvoid  coalescence  fracture 
modes  operate  depending  on  the  microstructure,  the  crack  tip 
stress  intensity,  and  the  concentration  of  hydrogen.  The 
hydrogen  does  not  hinder  the  motion  of  dislocations,  but 
simply  allows  or  forces  the  normal  fracture  processes  to 
become  operative  at  unusually  low  macroscopic  strains, 
lowering  the  true  fracture  strength  of  the  lattice.  In  the 
presence  of  a  susceptible  micro structure  (which  provides  the 
crack  tip  and  a  stress  concentration  factor)  and  residual 
stress  near  the  yield  point,  local  lattice  fracture  strength 
is  quickly  overcome.  The  most  susceptible  microstructures 
in  order  of  decreasing  susceptibility  are  transformation 
twinned  martensite,  bainite  characterized  by  large  sheaves 
of  narrow  parallel  ferrite  laths,  granular  bainite,  and 
finally  the  least  susceptible;  slipped  martensite  [Ref.  23] . 
The  formation  of  martensite  and  the  values  of  residual 
stresses  present  after  welding  are  both  dependent  on  the 
thermal  cycling  experienced  during  welding.  The  thermal 
gradient  experienced  during  welding  is  dependent  on  the 
welding  process,  the  plate  thickness,  and  the  temperature 
of  the  base  metal  [Ref.  24] .  This  gradient  would  increase 
as  the  temperature  of  the  base  metal  decreases,  resulting  in 
more  rapid  cooling  of  the  HAZ.  This  gradient  causes  a  varying 


cooling  rate  from  the  weld  pool  out  to  the  base  metal.  The 
cooling  rate  in  the  as-cast  weld  metal  and  the  unmixed, 
melted  base  metal  region  would  be  in  effect  a  quench  and  the 
resulting  microstructure  would  be  dependent  on  the  actual 
rate  of  cooling  experienced  [Ref.  25] .  Ansel 1  and  Donachie 
[Ref.  26]  examined  the  changes  in  the  microstructure  as  a 
function  of  the  quench  rate.  The  morphology  resulting  from 
a  slow  quench  is  massive  martensite  characterized  by  packets 
of  fine  parallel  laths  containing  a  high  dislocation  density 
with  very  little  retained  austenite.  When  the  quench  rate 
is  increased  the  width  of  the  parallel  lath  martensite  de¬ 
creases.  Increasing  the  quench  rate  also  decreased  the  size 
•• 

of  the  Widmanstatten  carbides  present  in  the  Fe-Ni-C  alloy 
studied,  while  the  thickness  of  any  martensite  twins  which 
may  have  formed  also  decreased.  It  was  noted  that  increasing 
the  quench  rate  resulted  in  more  martensite  twins  forming. 

In  the  areas  of  the  weld  that  did  not  experience  melting  but 
were  austenitized  the  cooling  rate  again  produced  fine  lath 
martensite  with  similar  characteristics  to  that  described 
above.  For  the  HAZ  region  not  heated  above  the  Al  start 
temperature,  the  tempering  effects  on  the  low  carbon  marten¬ 
site  are  the  major  consideration.  Speich  [Ref.  27]  reported 
that  90%  of  the  carbon  segregates  to  dislocations  and  lath 
boundaries  during  cooling  of  low  carbon  martensite.  Carbon 
segregation  is  very  rapid  in  nickel  alloyed  iron  because  the 
diffusivity  is  increased  25  times  the  rate  in  pure  gamma 
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iron.  This  information  is  in  agreement  with  that  reported 
by  Ansell  and  Donachie  [Ref.  28]  where  the  carbon  segrega¬ 
tion  acts  as  a  nucleus  for  carbide  growth.  It  was  observed 
that  during  tempering  at  low  temperatures  (below  150°  C) 
carbon  segregation  was  occurring  in  the  martensite  but  no 
carbides  formed.  A  rod  shape  carbide  precipitated  when 
the  tempering  temperature  was  raised  to  200°  C — 330°  C.  When 
tempering  above  400°  C,  a  spheroidal  cementite  (Fe^C)  carbide 
precipitates  along  the  martensite  laths  and  within  the  laths. 


III.  EXPERIMENTAL  PROCEDURE 


A.  MACROSAMPLE  PREPARATION 

Two  HY-80  steel  plates,  each  measuring  one  inch  thick, 
twelve  inches  long  by  eight  inches  wide  were  prepared  by 
The  Naval  Ship  Research  and  Development  Center,  Annapolis, 
Maryland.  Each  plate  contained  a  weld  joint  running  longi¬ 
tudinally.  The  joints  were  double  beveled  at  60  degrees 
and  welded  by  standard  shielded  metal-arc  welding  procedures. 
One  plate  was  preheated  to  250°  F  (121°  C)  prior  to  welding 
and  the  other  plate  was  cooled  to  32°  F  (0°  C) .  The  cooled 
plate  was  to  simulate  winter  welding  conditions  with  no  pre¬ 
heat.  The  interpass  temperature  was  maintained  at  32°  F 
(0°  C)  by  subsequent  cooling  between  weld  head  passes. 

Both  welds  were  made  using  11018,  3/16  inch  (4.8  mm) 
alloy  rod  electrodes  at  a  setting  of  22  volts  and  190  amperes 
Rod  composition  and  mechanical  property  limits  are  listed  in 
Tables  4  and  5.  The  welding  speed  and  heat  input  was  5-6 
inches  per  minute  (2.5  mm/sec)  and  50  KJ/inch  (2  KJ/mm) 
respectively.  The  plates  were  then  sectioned  perpendicular 
to  the  weld  with  a  horizontal  band  saw  into  approximately 
one  inch  thick  specimens.  Each  specimen  face  was  cold  sanded 
on  a  belt  sander  to  produce  a  smooth,  flat  surface  suitable 
for  macroetching.  A  2%  nital  solution  was  used  to  macroetch 
the  samples  and  expose  the  weld  characteristics  of  each 


TABLE  4 


CHEMICAL  COMPOSITION  LIMITS  OF  THE  11018 
ALLOY  ROD  ELECTRODE  (PERCENT) 


ELEMENT  MIL-E-22200/1E 

11018  Alloy  Rod 


Carbon 

0.10  max. 

Manganese 

1.30—1.80 

Silicon 

0.60  max. 

Phosphorus 

0.030  max . 

Sulfur 

0.030  max. 

Chromium 

0.40  max. 

Nickel 

1.25—2.50 

Molybdenum 

0.25—0.50 

Vanadium 

0.05  max. 

Water  (covering) 

0.20  max. 

PROPERTY 


MIL-E-22200/1E 
11018  Alloy  Rod 


Tensile  Strength  100 

(ksi) 


Yield  Strength 
0.2%  offset  (ksi) 

As-welded 
Stress  Relieved 

Elongation  in  2  in. 
min.  percent 

As-welded  20 

Stress  Relieved  20 


88/100 

85 


Charpy  V-notch 

min.  impact  (ft.  lbs.) 

As-welded  20  @  - 


60°  F 


sample.  Each  sample  was  submerged  for  10  minutes  until  the 
details  of  each  weld  became  evident.  Figures  2  and  3  illus¬ 
trate  the  prepared  macrosamples  of  each  weldment. 

B .  HARDNESS  TESTING 

Samples  suitable  for  metallographic  examination  and 
comparison  were  selected  from  the  last  pass  region  of  each 
specimen.  Samples  were  cut  and  etched  for  five  seconds 
after  polishing  in  order  to  track  the  microhardness  measure¬ 
ment  locations.  Figures  4  and  5.  The  locations  with  respect 
to  the  fusion  line  and  visible  heat  affected  zone  were  tabu¬ 
lated  for  each  hardness  measurement.  Vickers  microhardness 
measurements  were  made  using  a  diamond  indent er  and  a  200 
gram  load.  Penetrations  were  made  at  0.1  mm  intervals  along 
two  linear  traverses  perpendicular  to  the  visible  fusion 
line. 

C.  METALLOGRAPHIC  SAMPLE  PREPARATION 

After  microhardness  measurements  were  completed  the 
samples  were  examined  with  a  Zeiss  Universal  Photomicroscope. 
A  series  of  photographs  were  taken  along  the  microhardness 
traverse  in  an  attempt  to  characterize  and  compare  the  micro¬ 
structure  present  in  each  weld  sample.  Careful  cataloguing 
was  used  to  facilitate  correlation  of  the  microstructures 
with  the  associated  Vicker's  hardness.  Each  sample  was 
then  wafered  along  a  plane  parallel  to  the  plane  of  the  weld 
fusion  zone  using  a  low  speed  diamond  wafering  saw.  Wafer 
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Figure  3.  Macrosample  of  Non-Preheated  HY-80 
Steel  Weldment 


Weldment 
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cutting  locations  are  illustrated  in  Figures  4  and  5. 
Micrometer  readings  were  taken  of  the  sample  prior  to  each 
cut  and  again  after  each  cut  to  calculate  the  amount  of 
material  lost  to  the  saw  kerf  and  to  precisely  locate  the 
wafer  within  the  weldment.  The  physical  locations  of  each 
wafer  are  listed  in  Tables  6  and  7.  Each  wafer  was  then 
mounted  to  a  flat  steel  block  using  two  sided  adhesive  tape 
for  sanding  and  polishing  using  standard  metallographic 
sample  preparation  techniques.  The  wafers  were  etched  for 
eight  seconds  in  a  2%  nital  solution  and  optical  examination 
with  the  Zeiss  was  repeated  on  each  sample  to  map  the  varia¬ 
tions  in  microstructures  within  each  specimen. 

D.  ELECTRON  MICROSCOPY  SAMPLE  PREPARATION 

A  "whole"  sample  was  cut  perpendicular  to  the  weld  of 
each  sample  and  prepared  using  standard  metallographic 
techniques  for  conducting  scanning  electron  microscopy.  The 
SEM  was  used  to  better  characterize  the  microstructure  along 
the  hardness  traverse  than  was  possible  with  the  optical 
observations.  The  wafers  previously  prepared  were  also 
studied  using  the  SEM  to  characterize  the  microstructure 
within  each  sample.  Due  to  the  three  dimensional  variations 
in  each  weld  topography  the  exact  location  within  each  wafer 
used  for  selection  of  thin  foil  transmission  electron  micros¬ 
copy  samples  was  very  critical.  The  three  dimensional 
variations  in  each  weld  topography  is  illustrated  in  Figure 
6.  Microstructures  from  specific  locations  along  the  hardness 


TABLE  6 


WAFER  LOCATIONS  IN 

PREHEATED 

HY-80 

STEEL 

WELDMENT 

Location 

A 

B 

C 

D 

E 

Distance  from 

Fusion  line  (mm)  4.0 

3.2 

2.2 

0.4 

-0.4(a) 

(a) 


Negative  sign  indicates  inside  fusion  zone. 


TABLE  7 

WAFER  LOCATIONS  IN  NON-PREHEATED  HY-80  STEEL  WELDMENT 


Location 

A'  B’  C'  D'  E' 

Distance  from  ,  ^ 

Fusion  line  (mm)  4.0  3.2  2.5  0.5  -0.4'' 


Heat  Affected  Zone 


F  -  Fusion  Zone 


Figure  6.  Three  Dimensional  Topography  of  HY-80 
Steel  Weldment 
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traverse  as  characterized  by  the  "whole"  sample  SEM  observa¬ 
tions  were  matched  with  each  wafer  in  similar  physical  loca¬ 
tions  within  each  weldment.  Areas  within  each  wafer  that 


contained  the  desired  microstructures  were  mapped  so  thin 
foil  TEM  samples  could  be  prepared.  This  mapping  allowed 
for  the  precise  selection  of  each  TEM  thin  foil  sample  and 
accurate  correlation  to  its  physical  location  within  each 
weldment.  Figure  7  shows  an  example  of  this  matching  of 
microstructures  between  the  whole  sample  and  a  similarly 
located  watered  sample. 


Wafers  selected  for  TEM  study  were  thinned  to  125  microns 
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Figure  7.  Microstructure  Mapping  for  TEM  Thin  Foil 
Sample  Selection 
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IV.  EXPERIMENTAL  RESULTS 


A.  HARDNESS  MEASUREMENTS 

The  Vickers  hardness  traverse  for  each  specimen  was 
plotted  and  the  results  are  illustrated  in  Figures  8  and  9. 

The  hardness  profile  of  the  preheated  specimen.  Figure  8, 
shows  a  slight  decrease  from  the  parent  base  metal  hardness 
value  of  250  HV  to  230  HV,  as  measurements  approach  the 
visible  heat  affected  zone.  Measurements  crossing  into  the 
HAZ  revealed  a  significant  jump  in  the  Vickers  hardness, 
reaching  peak  hardness  values  of  430  HV.  The  hardness 
profile  displays  a  two- tier  plateau  in  the  heat  affected 
zone.  The  first  plateau  starts  at  the  beginning  of  the  visi¬ 
ble  HAZ,  approximately  2.5  mm  from  the  fusion  line,  and  has 
an  average  hardness  level  of  420  HV.  This  first  range  of 
hardness  values  remain  nearly  constant  1.5  mm  into  the  HAZ, 
where  there  is  a  slight  decline.  This  retrogression  to 
412  HV  marks  the  beginning  of  the  second  plateau  which  holds 
nearly  constant  hardness  values  across  to  the  visible  fusion 
line.  The  hardness  then  exhibits  a  steep  decline  in  values 
to  approximately  325  HV  just  inside  the  visible  fusion  zone. 
The  hardness  of  the  as-cast  weld  metal  then  tails  off  slightly 
to  nearly  match  the  hardness  of  the  parent  base  metal. 

Five  distinct  regions  characterized  by  these  hardness  trends 
were  selected  for  further  investigation.  The  regions,  labeled 
A  through  E,  are  listed  below  and  illustrated  in  Figure  8. 
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Location  A:  Parent  Base  Metal 


Location  B:  Overtempered  Base  Metal  Region 

Location  C:  Grain  Refined  Region 

Location  D:  Chain  Coarsened  Region 

Location  E:  Alloying  Region  of  the  Fusion  Zone. 

The  hardness  profile  of  the  non-preheated  specimen, 
Figure  9,  shows  a  base  metal  hardness  of  225  HV.  There  is 
a  slight  softening  to  220  HV  as  the  traverse  approaches  the 
visible  heat  affected  zone.  The  HAZ  has  a  radical  fluctua¬ 
tion  in  the  hardness  with  a  continually  increasing  trend 
and  a  peak  value  of  410  HV  near  the  visible  fusion  line. 

The  hardness  across  the  visible  fusion  line  drops  sharply 
to  a  value  of  280  HV  and  slowly  declines  in  the  as-cast 
weld  metal  to  nearly  match  the  parent  base  metal.  For  com¬ 
parison  purposes  the  locations  selected  for  further  investi¬ 
gation  in  the  non-preheated  specimen  correspond  to  the  five 
locations  chosen  in  the  preheated  sample.  The  locations  A' 
through  E'  are  listed  below  and  illustrated  in  Figure  9. 
Location  A' :  Parent  Base  Metal 
Location  B':  Overtempered  Base  Metal  Region 
Location  C':  Grain  Refined  Region 
Location  D':  Grain  Coarsened  Region 
Location  E':  Alloying  Region  of  the  Fusion  Zone. 

Additional  hardness  traverses  from  identical  weld 
regions  in  the  preheated  and  non-preheated  samples  were 
completed  to  confirm  the  differences  in  hardness  measures 
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Figure  9a.  Vickers  Hardness  Traverse  of  Non-Preheated  Weldment 


were  due  to  preheating,  not  underlying  weld  passes.  Figures 
8b  and  9b. 

B.  MICRO STRUCTURAL  OBSERVATIONS  IN  THE  PREHEATED  WELDMENT 

The  preheated  weldment,  Regions  A  through  E,  were  examined 
with  optical,  scanning  electron  (SEM) ,  and  transmission 
electron  (TEM)  microscopy.  This  investigation  was  conducted 
to  gain  an  understanding  of,  and  to  characterize,  the  micro¬ 
structures  in  the  heat  affected  zone  of  a  shielded  metal 
arc  (SMA)  weldment  in  HY-80  steel  plate.  Optical  and  scanning 
electron  microscopy  were  conducted  on  cross  sectional  areas 
of  the  weld  and  its  heat  affected  zone  representing  the 
same  locations  examined  by  transmission  electron  microscopy. 

1.  Location  A 

Location  A  is  the  designation  given  to  the  base 
metal  area  selected  for  investigation.  Optical  investigation 
revealed  little  information  other  than  a  fine  microstructure 
throughout  the  base  metal.  Figure  10.  The  microstructure 
as  observed  by  scanning  electron  microscopy  at  2000X,  re¬ 
vealed  a  martensitic  structure  within  visible  prior  austenite 
grain  boundaries.  A  dispersion  of  carbides  is  visible 
throughout  the  microstructure.  Figure  11.  The  microstruc¬ 
ture  in  Location  A,  characterized  by  transmission  electron 
microscopy,  is  that  of  a  mixture  of  a  tempered  bainite  and 
tempered  martensite  duplex  structure.  Figure  12(a)  shows 
typical  tempered  bainitic  and  martensitic  regions  found  in 
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the  as-heat  treated  material  with  a  prior  austenite  grain 
boundary  decorated  with  coarse  carbides.  There  is  a  uni¬ 
form  distribution  of  cementite  (Fe^C)  particles  with  average 
diameters  of  about  0.08  microns  within  the  laths  and  on 
the  austenite  grain  boundaries.  Figure  12(a-f).  The  average 
martensite  lath  width  is  about  0.4  microns  while  the 
bainite  lath  average  is  about  one  micron. 

2 .  Location  B 

Location  B  is  in  the  region  of  slightly  depressed 
hardness  near  the  visible  heat  affected  zone  approximately 
3.2  millimeters  from  the  fusion  line.  The  microstructure 
as  seen  with  optical  and  scanning  electron  microscopy  in 
"BH  appears  to  be  very  similar  to  that  within  "A",  Figures  13 
and  14 .  Examination  of  the  specimen  in  Location  B  by  trans¬ 
mission  electron  microscopy  reveals  a  microstructure  con¬ 
sisting  of  tempered  bainite  and  tempered  martensite  with 
uniform  distribution  of  cementite.  These  spherical  cementite 
particles  are  approximately  the  same  size  as  those  observed 
in  A.  The  cementite  in  A  are  still  present  in  B.  The 
martensite  and  bainite  average  lath  sizes  are  about  0.3  and 
0.5  microns  respectively.  Figure  15(a-f)  illustrates  the 
typical  microstructures  found  in  Location  B. 

3 .  Location  C 

Location  C  is  in  the  grain  refined  heat  affected  zone 
as  shown  in  Figure  16.  Optical  investigation  shows  a  signi¬ 
ficant  reduction  in  the  grain  size  which  produces  a  visible 
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Tempered  Martensite 
Tempered  Bainite 
Temper  Carbides 
Prior  Austenite 
Gain  Boundary 


o.8  fim 


(f) 


Figure  15. 


(CONTINUED) 
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demarcation  between  the  heat  affected  zone  and  the  base 


metal.  SEM  micrographs  at  2000X  reveal  a  mixed  martensitic 
structure  of  newly  transformed  and  the  original  tempered 
martensite  with  coarse  carbides  remaining  in  the  original 
martensite,  Figure  17.  TEM  examination  revealed  three  dis¬ 
tinctly  different  structures;  fine  lath,  heavily  dislocated 
martensite,  autotempered  martensite  and  the  original  tempered 
structure.  Figures  18(a-f).  The  average  lath  width  of  the 
heavily  dislocated  martensite  is  about  0.2  microns  and  the 
original  tempered  microstructure  has  a  lath  width  unchanged, 
i.e.,  similar  to  "A"  and  "B". 

4.  Location  D 

Location  D  is  the  grain  coarsened  heat  affected  zone 
near  the  visible  fusion  line.  Optical  investigation  clearly 
reveals  the  significant  increase  in  grain  size.  Figure  19. 

The  microstructure  appears  to  be  martensite,  which  is  more 
easily  recognized  in  Figure  20,  a  scanning  electron  micro¬ 
graph  at  2000X.  The  TEM  specimens  exhibit  a  heavily  dis¬ 
located  fine  lath  martensite  (0.2  microns  average)  mixed 
with  a  coarser  autotempered  martensite  (0.8  microns  average). 
The  spherodized  carbides  present  in  "A”,  "B"  and  "C"  are 
no  longer  visible  within  the  microstructure  of  D  indicating 
complete  austenization  and  dissolution  of  the  temper  carbides 
The  presence  of  a  transformation  twinned  martensite  within 
the  coarse  ferrite  laths  was  observed  but  very  infrequently. 
Figures  21(a-f) . 
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Figure  18.  (CONTINUED) 


5.  Location  E 


The  as-cast  weld  metal  near  the  visible  fusion  line 
(alloying  region)  is  designated  Location  E.  The  optical 
micrograph,  Figure  22,  clearly  shows  a  significant  change 
in  the  microstructure.  However  low  magnification  observa¬ 
tion  fails  to  reveal  any  specific  information  regarding  the 
characteristics  of  the  weld  microstructure.  Scanning  elec¬ 
tron  microscopy.  Figure  23,  displays  a  coarse  lath  marten¬ 
sitic  structure  within  the  prior  austenite  grains .  The 
transmission  electron  microscope  confirms  that  the  bulk  of 
the  microstructure  is  made  up  of  a  low  carbon  lath  marten¬ 
site.  The  average  lath  width  was  determined  to  be  0.3 
microns.  There  were  small  amounts  of  retained  austenite 
coating  many  of  the  lath  interfaces,  and  a  trace  of  twinning 
was  located  within  a  few  martensite  laths.  Figures  2^4  (a-f). 

C.  MICROSTRUCTURAL  OBSERVATIONS  IN  THE  NON-PREHEATED 

WELDMENT 

The  non-preheated  weldment.  Locations  A'  through  E' 
were  examined  by  the  same  techniques  utilized  for  the  pre¬ 
heated  specimen.  The  microstructure  in  the  heat  affected 
zone  was  examined  for  characterization  and  comparison  with 
that  of  the  preheated  HY-80  weldment. 

1.  Location  A1 

Location  A'  is  in  the  area  of  the  non-preheated  base 
metal.  The  microstructures  observed  were  the  same  as  found 
in  A,  Figures  10,  11  and  12(a-f). 


Figure  22.  Optical  Micrograph  of  Location  E 


Figure  23.  SEM  Micrograph  of  Location  E 


i.5  pm 


i.o  pm 


Retained  Austenite  (A) 


Figure  24.  (CONTINUED) 
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2 .  Location  B 


Location  B '  is  in  the  base  metal  very  near  the 
visible  heat  affected  zone  of  the  non-preheated  sample. 
Optical  investigation  shows  a  similar  appearance  in  B' 
as  that  found  in  A',  Figure  25.  The  SEM  micrographs  at 
2000X,  Figure  26,  reveals  a  microstructure  very  similar  to 
that  of  the  base  metal.  The  microstructure  as  observed  by 
transmission  electron  microscopy  is  comprised  of  heavily 
tempered  martensite,  and  a  mixture  of  fine  and  coarse 
temper  carbides  from  the  original  heat  treatment.  Figures 
27(a-f).  The  martensite  laths  average  width  in  Location  B' 
is  0.3  microns.  A  higher  dislocation  density  with  evidence 
of  sub-grain  formation  was  observed  that  was  not  seen  in 
the  similar  Location  B  in  the  preheated  weldment. 

3.  Location  C1 

Location  C',  the  grain  refined  heat  affected  zone, 
is  illustrated  in  Figure  25  forming  a  visible  boundary  line 
with  the  much  coarser  microstructure  of  the  base  metal. 
Location  B'.  The  higher  magnification  scanning  electron 
microscopic  investigation  reveals  a  mixture  of  newly  trans¬ 
formed  martensite  and  the  original  tempered  structure  with 
many  large  carbides.  Figure  28.  The  dominant  microstructure 
in  the  transmission  electron  microscopic  observations  is 
the  original  tempered  microstructure  with  fine  lath  heavily 
dislocated  martensite  with  some  transformation  twinning. 

The  mottled  surface  shown  in  Figures  29(a-f)  is  due  to 


Figure  27.  (CONTINUED) 
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Figure  29.  (CONTINUED) 
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surface  contamination  of  the  thin  foil  specimen.  The  pre¬ 
viously  observed  temper  carbides  are  still  present  while 
the  average  martensite  lath  width  is  0.2  microns. 

4.  Location  D* 

Location  D'  like  that  of  Location  0  was  selected 
from  the  grain  coarsened  heat  affected  zone  near  the  visible 
fusion  line.  The  microstructure  is  martensitic  in  nature 
as  shown  in  the  optical  micrograph  of  Figure  30.  The  scanning 
electron  micrograph  in  Figure  31  shows  mainly  newly  trans¬ 
formed  martensite  with  perhaps  small  regions  of  the  original 
tempered  structure.  The  detail  of  the  microstructure  be¬ 
comes  evident  in  the  TEM  observations,  Figures  32(a-f).  The 
microstructure  is  a  combination  of  autotempered  martensite, 
fine  lath  heavily  dislocated  martensite  (lath  width  average, 
0.1  microns),  and  still  some  of  the  original  large  temper 
carbides.  The  martensite  displays  a  significant  amount  of 
transformation  twinning. 

5.  Location  E1 

The  alloying  region  of  the  as  cast  weld  metal  of 
the  non-preheated  sample  is  designated  E ' .  The  microstruc¬ 
ture  observed  by  optical,  scanning  electron,  and  transmission 
electron  microscopy  were  the  same  as  E,  Figures  22,  23  and 
24 (a-f ) . 
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Figure  32.  (CONTINUED) 
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V.  DISCUSSION 


A.  MICROSTRUCTURE 

1.  Changes  in  Temper  Carbides 

The  average  diameter  of  the  temper  carbides  were 
determined  for  each  location  and  plotted  in  Figures  33  and 
34.  Due  to  the  amount  of  scatter  in  the  measured  diameters 
of  the  temper  carbides,  it  can  be  concluded  that  the  size 
does  not  change.  However,  the  number  density  appears  to 
decrease  as  the  fusion  line  was  approached.  One  major  differ 
ence  between  the  preheated  and  non-preheated  samples  is  the 
fact  that  some  of  these  large  carbides  remain  undissolved 
in  Location  D'  (0.5  millimeters  from  the  fusion  line  in 
the  non-preheated  sample) .  This  is  presumably  due  to  the 
very  short  time  spent  at  the  elevated  temperature  before  the 
weldment  is  rapidly  cooled.  The  carbides  are  expected  to 
dissolve  at  the  Ac^  (650°  C)  temperature.  However,  due  to 
the  inherent  rapid  heating  and  cooling  that  occurs  during 
welding,  they  persist  to  very  much  higher  temperatures. 

The  presence  of  these  undissolved  carbides  results 
in  the  overall  reduction  in  the  carbon  content  of  the  aus¬ 
tenite  and  this  will  alter  both  the  Mg  temperature  and  the 
hardenability  (Ref.  29].  This  decreased  carbon  content  of 
the  austenite  will  raise  the  Mg  temperature  and  reduce  the 
hardenability. 


Average  Diameter  of  Preheated  Temper  Carbides 


Average  Diameter  of  Non-Preheated  Temper  Carbides 


The  significant  difference  between  the  preheated 
and  non-preheated  weldments  was  the  existence  of  these  temper 
carbides  much  closer  to  the  fusion  line  in  the  non-preheated 
sample.  Also,  the  higher  number  density  of  these  carbides 
across  the  heat  affected  zone  of  the  non-preheated  sample 
than  corresponding  locations  in  the  preheated  specimen. 

The  presence  of  preheat  results  in  not  only  higher  peak 
temperatures,  but  also  longer  time  at  elevated  temperatures 
during  welding  which  should  result  in  more  carbide  dissolu¬ 
tion.  This  can  explain  the  difference  in  the  hardness 
gradients.  Figures  8  and  9,  as  the  martensite  formed  upon 
cooling  with  preheat  should  have  a  higher  carbon  content 


than  without  preheat. 

2.  Presence  of  Transformation  Twinning 

The  greater  amount  of  transformation  twinning  present 
in  the  non-preheated  sample  is  probably  due  to  more  rapid 
cooling  [Ref.  30] ,  and  local  carbon  segregation  following 


carbide  dissolution  due  to  less  time  at  the  peak  temperature 


and  the  more  rapid  quench,  Figure  32. 

3.  Relative  Distribution  of  Martensite  in  the  HAZ 

The  volume  fraction  of  newly  transformed  martensite 
versus  the  surviving  original  tempered  structure  changed  as 
a  function  of  the  distance  from  the  fusion  line.  Qualita¬ 


tively  the  volume  fraction  of  the  surviving  original  tempered 
structure  increased  with  distance  from  the  fusion  line  due 


to  incomplete  transformation  of  the  tempered  ferrite/carbide 


composition  to  austenite.  This  is  due  to  the  very  short  time 
spent  at  the  peak  temperature  during  welding.  The  non- 
preheated  weldment  retains  the  original  tempered  microstruc¬ 
ture  much  closer  to  the  fusion  line  than  the  preheated  due 
to  an  even  more  rapid  cooling  following  welding  resulting 
in  less  time  available  for  the  transformation  of  ferrite 
and  carbides  to  austenite.  This  also  contributes  to  the 
lower  hardness  of  the  non-preheated  heat  affected  zone. 

Heavily  dislocated  martensite  exists  in  both  the 
preheated  and  non-preheated  heat  affected  zones  near  the 
base  metal  whereas  autotempered  martensite  was  frequently 
observed  near  the  fusion  line.  The  lack  of  autotempering 


near  the  base  metal  may  explain  the  higher  hardness  of  this 
region  when  compared  to  the  hardness  near  the  fusion  line 
(where  autotempering  is  observed)  for  the  preheated  sample. 

4 .  Martensite  Lath  Width 

The  heavily  dislocated  martensite  has  a  much  smaller 
lath  width  than  the  autotempered  martensite  indicating  that 
it  formed  at  a  lower  temperature.  Additionally  the  coarse 
laths  only  appear  in  the  coarse  grained  region  of  the  heat 
affected  zone.  Thus  the  coarse  austenite  grains  that  form 
near  the  fusion  line  result  upon  cooling  is  first  the 
transformation  of  the  coarse  laths  which  subsequently  auto¬ 
temper  followed  by  the  formation  of  the  fine  lath  heavily 
dislocated  martensite  at  lower  temperatures  where  there  is 
insufficient  time  at  temperature  for  the  autotempering  to 


occur.  Plots  of  the  martensite  lath  size  as  a  function  of 
distance  from  the  fusion  line  are  shown  in  Figures  35  and 
36. 

5 .  Hydrogen  Induced  Cold  Cracking 

The  only  reason  for  concern  from  a  microstructural 
point  of  view  is  the  increased  incidence  of  transformation 
twinned  martensite  in  the  non-preheated  weldment.  Transfor¬ 
mation  twinned  martensite  is  the  most  susceptible  micro¬ 
structure  to  hydrogen  induced  cold  cracking  when  in  the 
presence  of  hydrogen  and  stresses  near  the  yield  stress  of 
the  material.  There  is,  however,  some  twinning  present  in 
both  weld  specimens  but  it  is  still  only  a  small  volume 
fraction  even  in  the  non-preheated  weld,  so  the  major  differ¬ 
ence  in  hydrogen  assisted  cracking,  if  there  is  a  difference, 
will  probably  be  due  to  the  amount  of  hydrogen  present  during 
the  welding . 

There  is  no  reason  to  expect  that  the  microstruc¬ 
tures  resulting  from  the  preheated  weld  will  be  much  differ¬ 
ent  in  the  susceptibility  to  hydrogen  assisted  cracking  than 
the  non-preheated.  In  fact  the  more  gradual  change  in  hard¬ 
ness  in  the  heat  affected  zone  to  base  metal  region  may  be 


beneficial 


’igure  36.  Average  Martensite  Lath  Width  of  the  Non-Prehea 


VI .  CONCLUSIONS 


Based  on  the  research  and  the  results  obtained,  the 
following  conclusions  are  drawn: 

1.  There  is  a  severe  hardness  gradient  near  the  edge 
of  the  heat  affected  zone  of  the  preheated  weldment.  The 
high  hardness  remains  nearly  constant  across  the  heat 
affected  zone,  dropping  to  similar  levels  of  the  base 
metal  hardness  in  the  as  cast  weld  metal. 

2.  There  is  a  gradual  hardness  gradient  across  the 
heat  affected  zone  of  the  non-preheated  sample  which  reaches 
a  peak  value  nearly  the  same  as  the  preheated  sample  near 
the  fusion  line. 

3.  The  rapid  heating/ coo ling  that  occurs  in  the. heat 
affected  zone  results  in  the  retention  of  the  original 
tempered  microstructure  after  peak  temperatures  considerably 
higher  than  the  A-^  (650°  C)  .  This  lack  of  carbide  dissolution 
in  the  preheated  sample  persists  to  about  1.5  millimeters 
from  the  fusion  line  whereas  it  persists  right  up  to  the 
fusion  line  for  the  non-preheated  weld. 

4.  The  lack  of  carbide  dissolution  in  the  heat  affected 
zone  of  the  non-preheated  weld  results  in  the  lower  heat 
affected  zone  hardness. 

5.  The  only  difference  in  the  microstructures  other 

than  the  amount  of  carbide  dissolution  is  that  the  non-preheated 
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sample  contains  slightly  more  internally  twinned  martensite 
than  the  preheated  sample.  This  is  probably  due  to  a 
combination  of  the  more  rapid  cooling  rate  and  a  greater 
inhomogeneity  of  the  carbon  once  the  carbides  dissolve. 
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VII .  RECOMMENDATIONS 


Based  on  the  research  conducted,  the  results  obtained 
and  the  conclusions  drawn,  the  following  recommendations 
are  offered: 

1.  A  micros tructural  analysis  and  comparison  between 

a  preheated  and  non-preheated  single  weld  head  be  conducted 
to  isolate  the  preheating  effects  from  the  thermal  effects 
of  previous  weld  beads. 

2.  Preheated  and  non-preheated  HY-80  steel  weldments 
be  prepared  in  a  hydrogen  free  environment  and  tested 
mechanically  to  determine  strength,  fracture  toughness  and 
crack  initiation  and  propagation  property  comparisons. 
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